E W 



Relationships Between Gastric 
Emptying, Postprandial Glycemia, and 
Incretin Hormones 



Chinmay S. Marathe, mbbs Karen L. Jones, dip app sci (nuclear 

Christopher K. Rayner, mbbs, phd, eracp medicine), phd 

Michael Horowitz, mbbs, phd, fracp 



The importance of achieving tight 
glycemic control, usually assessed 
by glycated hemoglobin (HbAic), 
for both the prevention and delay in the 
progression of diabetes-related microvascu- 
lar complications, is established, and the 
American Diabetes Association/European 
Association for the Study of Diabetes joint 
committee has recommended an HbAic 
<7% as the goal in patients with type 2 
diabetes (1). The relative contributions of 
pre- and postprandial glycemia to HbAic 
have been clarified during the last decade 
following the seminal report by Monnier 
et al. (2) indicating that in type 2 diabetes, 
postprandial glycemic excursions ac- 
count for about 70% of variability when 
HbAic is <7.3%, while the contribution 
of "fasting" glycemia is greater in less well- 
controlled patients. Subsequent studies 
have confirmed the predominance of 
postprandial glycemia in determining 
overall glycemic control in "well-controlled" 
type 2 diabetic patients managed by oral 
hypoglycemic agents or basal insulin (3). 
The importance of postprandial glycemia 
to overall glycemic control is not surpris- 
ing considering that I) humans in mod- 
ern societies spend only about 3 or 4 h 
before breakfast in a truly fasting state be- 
cause in health, gastric emptying of meals 
occurs at an overall rate of 1-4 kcal/min 
(4), and 2) postprandial hyperglycemia 
occurs frequently in diabetes (1). The rel- 
evance of postprandial glycemia is fur- 
ther increased by the recognition that it 
may represent an independent risk factor 
for adverse cardiovascular outcomes in 



both diabetic and nondiabetic popula- 
tions (5). 

The determinants of postprandial gly- 
cemia include preprandial glycemic levels, 
meal composition, gastric emptying, insulin 
secretion, small intestinal glucose absorp- 
tion, and hepatic and peripheral glucose 
metabolism. Furthermore, the relative con- 
tribution of each of these factors may vary 
over time during the postprandial state. 
Nevertheless, both the rate of gastric emp- 
tying and the secretion and action of the 
incretin hormones, glucagon-like peptide- 
1 (GLP-1) and glucose-dependent insulino- 
tropic peptide (GIP), exert a major influence 
(6). The latter limit postprandial glycemia 
through their insulino tropic and, in the 
case of GLP-1, glucagonostatic actions. 
They account for the "incretin effect" — an 
augmentation of insulin secretion following 
oral or enteral glucose exposure when com- 
pared with an isoglycemic intravenous glu- 
cose infusion — which is diminished in 
type 2 diabetes (7). GIP and GLP-1 are re- 
leased from entero-endocrine cells located 
most densely in the proximal small intes- 
tine and distal small intestine/colon, re- 
spectively, following nutrient exposure. 
Each macronutrient has the capacity to 
stimulate GLP-1 and GIP release, although 
the mechanisms underlying secretion dif- 
fer, and fat and carbohydrate may be more 
potent stimuli than protein (8). Carbohy- 
drates, for example, stimulate incretin se- 
cretion through a number of interrelated 
mechanisms that are likely to include the 
sodium-glucose co transporter- 1 (SGLT-1) 
and intestinal "sweet taste" receptors (8). 



Following their release, the incretin hor- 
mones are rapidly degraded to inactive me- 
tabolites by the ubiquitous enzyme, 
dipeptidyl peptidase-4 (DPP-IV). While 
GIP may be the most important incretin 
hormone in health, its capacity to stimulate 
insulin is markedly diminished in type 2 
diabetes (8). 

Fven relatively minor variations in 
gastric emptying can have a major impact 
on the postprandial glycemic profile in 
health and type 2 diabetes (9-12). It is 
now recognized that complex, interde- 
pendent relationships exist between gas- 
tric emptying, the incretin axis, and 
postprandial glycemia, with the rate of 
gastric emptying having a major impact 
on the magnitude of both the glycemic 
excursion and incretin hormone secretion 
and, conversely, acute hyperglycemia and 
GLP-1 exerting negative feedback on gas- 
tric emptying (6). This review focuses on 
these interrelationships, summarized in 
Fig. 1, and the consequent implications 
for dietary and pharmacological strategies 
to manage postprandial glycemia in type 
2 diabetes. 

Gastric emptying in iieaitii 
and diabetes — It is not well recog- 
nized that in both health and diabetes, the 
rate of gastric emptying shows wide in- 
terindividual — with much less intraindi- 
vidual — variation (4). Gastric emptying is 
determined by the integration of motor 
activity of the stomach and upper small 
intestine, controlled by electrical slow 
waves generated by the interstitial cells 
of Cajal (4,13). The proximal stomach ini- 
tially relaxes to accommodate a meal and 
the antrum then grinds solids to a small 
particle size (1-2 mm), before the chyme 
is pumped across the pylorus, predomi- 
nantly in a pulsatile manner (4). These pro- 
cesses are regulated primarily by inhibitory 
feedback arising from the interaction of nu- 
trients with the small intestine rather than 
by "intragastric" mechanisms, and modu- 
lated by both stimulation of the vagus nerve 
and the secretion of gut hormones, includ- 
ing GLP-1, cholecystokinin (CCK), and 
peptide YY (PYY). The magnitude of small 
intestinal inhibitory feedback is dependent 
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Figure 1 — Summary of the interdependent relationships of gastric emptying, incretin hormones, 
and postprandial glycemia. (A high-quality color representation of this figure is available in the 
online issue.) 



on the nutrient load and the length of in- 
testine exposed and is associated with fun- 
die relaxation, suppression of antral 
contractions, and stimulation of tonic and 
phasic contractions localized to the pylorus 
to retard the subsequent rate of nutrient 
delivery to the intestine (4). 

While it has been suggested for many 
years that gastric motor function is fre- 
quently disordered in diabetes — the term 
gastroparesis diabeticorum was intro- 
duced by Kassander (14) more than 
50 years ago — it has only much more 
recently been confirmed that abnormally 
delayed gastric emptying occurs fre- 
quently with both type 1 and type 2 di- 
abetes (6). The true prevalence, however, 
remains uncertain because of a lack of 
population-based studies and inconsis- 
tent criteria to define gastroparesis, in- 
cluding variations in the technique used 
to quantify gastric emptying (where scin- 
tigraphy remains the gold standard 
method and stable isotope breath tests 
and ultrasonography represent accept- 
able alternatives), the desirable blood 
glucose levels during the emptying mea- 
surement, the magnitude of the delay in 
gastric emptying regarded as abnormal, 
and whether the presence of gastrointes- 
tinal symptoms represents a prerequisite 
for the diagnosis. In relation to the latter, 
it has been suggested that gastroparesis 
should not be diagnosed in the absence 
of upper gastrointestinal symptoms (15), 



but we believe this is inappropriate given 
that delayed gastric emptying can have 
other manifestations, particularly in rela- 
tion to glycemic control. Nevertheless, 
there is no doubt that the prevalence of 
delayed gastric emptying with symptoms 
is less than that of delayed emptying per 
se. While recognizing these limitations, it 
appears that gastric emptying of solids 
and/or nutrient liquids is delayed in 30- 
50% of patients with longstanding type 1 
or type 2 diabetes, and is sometimes ab- 
normally rapid (6, 1 3, 1 6) . As would be pre- 
dicted, motor dysfunction of different 
regions of the stomach is also frequently 
observed, but is heterogeneous (13). This 
high prevalence of disordered emptying is 
not surprising given that it is consistent 
with the prevalence of other diabetic 
complications, including peripheral neu- 
ropathy. Because the relationship of gastro- 
intestinal symptoms — such as fullness, 
nausea or vomiting — with disordered emp- 
tying is relatively weak (16-18), and the 
magnitude of delay in gastric emptying is 
in many cases modest (17), it is likely that 
many, if not the majority, of such patients 
do not come to clinical attention. Neverthe- 
less, hospital admissions in symptomatic 
patients given a diagnosis of diabetic gastro- 
paresis are reported to be increasing (19). 

Diabetic gastroparesis has long been 
attributed to the presence of irreversible 
autonomic (vagal) neuropathy, but the 
pathogenesis is now recognized to be 



heterogeneous. Important insights have 
resulted from the work of the Gastro- 
paresis Clinical Research Consortium in 
the U.S. Loss or dysfunction of the 
interstitial cells of Cajal and defects in 
inhibitory transmission, particularly in- 
volving neuronal nitric oxide synthase, 
appear to be of central importance, as 
well as abnormalities in immune cells 
(CD45, CD206) and an upregulation of 
heme oxygenase- 1 in macrophages, 
which impacts on the enteric neuro- 
transmitter carbon monoxide (13,20). 
The prognosis in patients with de- 
layed gastric emptying is not necessarily 
poor (21) — preliminary data indicate 
that there is little, if any, change in gas- 
tric emptying over periods of up to 
25 years (22) and that mortality is 
not increased (21), although the latter 
may not apply to patients with severe 
gastroparesis. 

Impact of gastric emptying 
on glycemia and 
incretin hormones— The recogni- 
tion that gastric emptying is a major 
determinant of postprandial glycemia in 
health, as well as in type 1 and type 2 
diabetes, is relatively recent (10,11,23- 
25). In retrospect, such a relationship is 
not surprising given the substantial inter- 
individual variation in gastric emptying in 
health, which is even greater in patients 
with diabetes because of the frequent oc- 
currence of delayed, and occasionally ac- 
celerated, gastric emptying. Gastric 
emptying accounts for about 35% of the 
variance in the glycemic response (both 
peak and total area under the curve) to 
oral glucose and/or carbohydrate-containing 
meals in health (23) and type 2 diabetes 
(24). Insulin-treated patients with gastropa- 
resis initially require less insulin to maintain 
euglycemia postprandially when compared 
with patients with normal emptying (25). In 
patients with type 2 diabetes not managed 
with insulin, slowing gastric emptying de- 
creases postprandial glycemic excursions, 
while acceleration of emptying has the op- 
posite effect (12). In patients with cystic fi- 
brosis and concomitant pancreatic exocrine 
insufficiency, gastric emptying of high-fat/ 
carbohydrate meals is accelerated and incre- 
tin secretion is impaired due to maldigestion 
of nutrients, leading to elevated postprandial 
glucose levels, even in those without overt 
diabetes. In this situation, pancreatic en- 
zyme supplementation given with a meal 
slows gastric emptying and restores the 
GLP-1 response, thereby diminishing post- 
prandial glycemia substantially (26). 



care, diabetesj ournals . org 



Diabetes Care, volume 36, May 2013 



1397 



Gastric emptying and diabetes 



The relationship of glycemia with small 
intestinal glucose delivery has recently 
been shown to be nonlinear based on the 
outcome of studies in which glucose was 
infused directly into the duodenum at rates 
spanning the normal range of gastric emp- 
tying (i.e., 1-4 kcal/min) in healthy young 

(10) and older (27) subjects and patients 
with type 2 diabetes managed by diet alone 

(11) . In these groups, intraduodenal infu- 
sion of glucose at 1 kcal/min was associated 
with only a modest rise in blood glucose, 
and while the glycemic responses to loads 
of 2 kcal/min, 3 kcal/min, and 4 kcal/min 
were substantially greater, there was litde 
difference between them (Fig. 2). The latter 
probably reflects the much greater plasma 
insulin response to the higher (i.e., 3 and 4 
kcal/min) intraduodenal glucose loads, 
which is, in turn, attributable to a much 
greater GLP-1 response. Plasma GIF, unlike 
GLF-1, rises in an approximately linear 
fashion with increasing glucose loads 
(10,1 1,27). In other studies of healthy sub- 
jects and patients with type 2 diabetes, the 
effects of initially more rapid intraduodenal 
glucose delivery, when compared with de- 
livery of the same amount of glucose at a 
constant rate, were explored (9,28). While 
the initial plasma insulin, GLF-1, and GIF 
responses were predictably greater with the 
former approach, there was no difference in 
the overall glycemic response, implying 
that the initial increase in insulin was inad- 
equate to compensate for the greater load of 
glucose absorbed. A fundamental implica- 
tion of these studies is that the magnitude 
of the incretin effect in a given individual 
will be dependent on their rate of gastric 
emptying, i.e., the incretin effect should 
be greater in an individual, healthy or 
with type 2 diabetes, whose stomach 
empties at 4 kcal/min when compared 
with another in whom emptying occurs 
at 2 kcal/min, although the former situ- 
ation would also favor an initially greater 
postprandial glycemic excursion. This 
concept is supported by recent evidence 
from our laboratory (29). Hence, studies 
relating to incretin hormone secretion 
should take into account the rate of gas- 
tric emptying (which has hitherto fre- 
quently not been the case). The incretin 
hormone responses to a meal, parti- 
cularly that of GLF-1 , appear to represent a 
dynamic compensatory mechanism to 
minimize postprandial glycemia when 
emptying is relatively more rapid. In a 
healthy individual, the relative importance 
of GIF and GLF-1 in determining the incre- 
tin effect is likely to be dependent on the 
rate of gastric emptying. In an individual 
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Figure 2 — Data are mean ± SEM. Blood glucose (A), plasma insulin (B), plasma GLP-1 (C), 
and plasma GIP (D) concentrations in response to a 120-min intraduodenal glucose infusion at 
1 kcal/min (Gl), 2 kcal/min (G2), 4 kcal/min (G4), or (intraduodenal) saline control (S) in 10 
healthy subjects and eight type 2 diabetic patients. *P < 0.05 vs. control, #P < 0.05 vs. GI, §P < 
0.05 vs. G2. Reprinted with permission from Ma et al. (11). 
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with type 2 diabetes, the magnitude of 
GLP-1 response is likely to be crucial given 
the reduced insulino tropic effect of GIP (7). 
We would speculate that to minimize post- 
prandial glycemic excursions in individuals 
with type 2 diabetes, gastric emptying of 
carbohydrates should be slowed to about 
1 kcal/min in those whose emptying is 
more rapid than this. As has been sug- 
gested, the prompt amelioration of type 2 
diabetes after Roux-en-Y gastric bypass 
surgery is likely to reflect, at least in 
part, an exaggerated incretin (particularly 
GLP-1) response (30) consequent to dra- 
matically accelerated gastric emptying of 
nutrient-containing liquids and "semi- 
solids" (31). 

As well as being a determinant of 
glycemia, gastric emptying is itself mod- 
ulated by acute changes in the blood 
glucose concentration (6,32). While 
there is a lack of consensus in relation 
to the magnitude of the effect of acute 
hyperglycemia and the potential influ- 
ence of chronic elevation of blood glu- 
cose, it is clear that marked acute 
hyperglycemia (i.e., blood glucose level 
— 15 mmol/L) delays gastric emptying 
substantially in both health and type 1 
diabetes when compared with euglyce- 
mia (~5 mmol/L). Emptying is slowed 
even at physiological degrees of hy- 
perglycemia (~8 mmol/L) (32) and is 
accelerated during insulin-induced hy- 
poglycemia (33); the latter response is 
evident even in patients with autonomic 
neuropathy and gastroparesis and likely 
represents an important counterregula- 
tory mechanism to facilitate carbohydrate 
absorption (33). Acute hyperglycemia at- 
tenuates the gastrokinetic effect of eryth- 
romycin (34), and this effect is likely also 
to apply to other prokinetic drugs. It re- 
mains to be determined whether the ef- 
fects of drugs that slow gastric emptying 
are also modulated by acute changes in 
the blood glucose concentration, but this 
appears intuitively likely. The mecha- 
nisms by which acute hyperglycemia 
modulates gastric emptying are poorly 
defined, but nitrergic pathways appear 
important (35). 

Effects of endogenous 
and exogenous 
incretin iiormones on 
gastric emptying— GIP and GLP 1 

differ in their effects on gastric emptying. 
Studies using the GLP-1 receptor antag- 
onist, exendin 9-39, indicate that endog- 
enous GLP-1 slows gastric emptying 
modestly (36) and affects intragastric 



meal distribution (37) as a result of sup- 
pression of antro-duodenal motility and 
stimulation of pyloric contractions (38). 
That not all investigators have demon- 
strated effects on emptying probably re- 
flects methodological issues, including 
the composition of the test meal and the 
use of suboptimal techniques to measure 
gastric emptying (37,39). The indirect as- 
sessment of gastric emptying using the 
absorption kinetics of oral paracetamol 
is imprecise, but has been widely used. 

Acute, intravenous infusion of GLP-1 
(in pharmacological doses) slows gastric 
emptying markedly in both healthy sub- 
jects and patients with type 2 diabetes in a 
dose-dependent manner (40-42) by 
mechanisms that include relaxation of 
the proximal stomach, reduction of antral 
and duodenal motility, and an increase in 
pyloric tone (43), and which involve vagal 
pathways (44). With pharmacological 
doses of GLP-1, nausea appears to occur 
rarely, unlike the situation with GLP-1 
agonists (as discussed below). By contrast, 
in healthy subjects, exogenous GIP in phar- 
macological doses does not slow gastric 
emptying (45) and may accelerate it mod- 
estly (46). 

The magnitude of the retardation of 
gastric emptying induced by exogenous 
GLP-1 is influenced by the baseline rate of 
emptying, i.e., slowing is more marked in 
those with more rapid gastric emptying. 



For example, in the critically ill, GLP-1 
slows gastric emptying when the latter is 
normal but not when it is delayed (47) 
(Fig. 3). Importantly, the reduction in 
postprandial glycemia induced by exoge- 
nous GLP-1 is also closely related to the 
magnitude of the slowing of gastric emp- 
tying being greater when baseline empty- 
ing is relatively more rapid (42,47). 
Indeed, the effect of acute administration 
of GLP-1 to slow gastric emptying out- 
weighs its insulinotropic effect, so that 
while GLP-1 stimulates insulin during 
hyperglycemia in the fasted state, post- 
prandial insulin concentrations are sup- 
pressed, rather than stimulated, in both 
health and type 2 diabetes (40,42), and 
when the GLP-1 -induced slowing of gas- 
tric emptying is reversed by administering 
erythromycin, the insulinotropic action 
of GLP-1 is unmasked (48). Accordingly, 
it is arguable whether GLP-1 should be 
regarded as a true incretin hormone ac- 
cording to Creutzfeldt's definition (49). 
No studies have evaluated the effect of 
exogenous GLP-1 on gastric emptying in 
patients with gastroparesis, although it is 
known that the relaxation of the proximal 
stomach induced by exogenous adminis- 
tration of GLP-1 is attenuated in diabetic 
patients with autonomic neuropathy 
(50). Hence the magnitude of the slowing 
of gastric emptying induced by GLP-1 
will almost certainly be reduced in 
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Figure 3 — Relationship between the effect of GLP-1 (1.2 pmol/kg/min intravenous) on gastric 
emptying and the rate of gastric emptying on placebo in critically ill patients (n = 25). Gastric 
emptying of a 100-mL nutrient liquid (Ensure) labeled with ^^C octanoic acid was measured with 
a breath test and the gastric emptying coefficient (GEC) determined. A lower GEC is indicative of 
more rapid gastric emptying. R = —0.48, P < 0.001. Reprinted with permission from Deane et al. 
(47). 
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gastroparesis. It is also not known whether 
the GLP-1 -induced slowing of gastric 
emptying can be "overridden" by hypogly- 
cemia, which, as discussed, is associated 
with prompt acceleration of emptying 
(33). This issue should be addressed, par- 
ticularly where GLP-1 agonists are used in 
combination with sulfonylureas or insulin 
when the propensity to hypoglycemia will 
be increased. 

A recent report suggests that there 
may be rapid tachyphylaxis to the slowing 
of gastric emptying induced by exoge- 
nous GLP-1 (51). In that study, two liquid 
meals, separated by 4 h, were given to 
healthy volunteers during intravenous in- 
fusion of GLP-1 or placebo. GLP-1 was 
shown to slow emptying of both meals 
markedly, but the magnitude of the slow- 
ing of the second meal was less. It was 
suggested that this tachyphylaxis occurs 
at the level of the vagus nerve (51). While 
the study had methodological limitations, 
the observations are of considerable inter- 
est and likely to be relevant to the ob- 
served effects of GLP-1 agonists on 
gastric emptying (as discussed below). 

Modulation of gastric 
emptying to minimize 
postprandial giycemic 
excursions in type 2 
diabetes — A number of strategies 
have been proposed to optimize post- 
prandial giycemic control based on mod- 
ulation of gastric emptying, stimulated by 
insights relating to the impact of empty- 
ing on glycemia and incretin hormone 
secretion. The focus of these strategies has 
been type 2 diabetes, underpinned by the 
rationale that a slower rate of nutrient 
delivery to the small intestine would be 
desirable to compensate for the delay in 
insulin release and the resistance to its 
actions, which are characteristic of this 
disease. The approaches include modify- 
ing the macronutrient content of meals, 
the use of fat and protein preloads, and 
pharmacological agents, particularly 
GLP-1 -based therapies and the amylin 
analog, pramlintide (6). 

In type 1 diabetes, gastric emptying 
needs to be predictable rather than specif- 
ically normal, delayed, or more rapid, to 
allow for accurate dosing of exogenous, 
short-acting insulin, although gastroparesis 
probably increases the propensity for hy- 
poglycemia in the postprandial period 
(52), providing a rationale for measure- 
ment of emptying in patients with other- 
wise unexplained hypoglycemia. Studies 
using gastrokinetic drugs to improve 



giycemic control in type 1 diabetic patients 
have substantial methodological limita- 
tions and have yielded inconsistent obser- 
vations. 

A number of studies have evaluated 
the effects of modifying the macronutri- 
ent and fiber content of meals based on 
their putative effects on gastric emptying 
and/or incretin secretion. For example, 
increasing dietary fiber (53) or adding 
guar gum (54) slows emptying and re- 
duces postprandial glucose in type 2 di- 
abetes probably as a result of retardation 
of both gastric emptying and intestinal 
glucose absorption. Incorporating fat 
into a carbohydrate-rich meal also slows 
gastric emptying and improves the post- 
prandial giycemic profile, albeit at the 
cost of increasing the energy load (55). 
An increase in the protein content of the 
diet from 15 to 30% for 5 weeks reduces 
postprandial glycemia, as well as HbAic, 
in patients with type 2 diabetes (56). In 
the latter study, the higher protein con- 
tent was at the cost of carbohydrates, and 
the total energy intake remained stable. 
Longer-term studies are indicated to 
determine whether these benefits are 
sustained. 

Macronutrient preloads 

As discussed, fat, protein, and carbohy- 
drates stimulate incretin secretion by 
various mechanisms and retard gastric 
emptying. These effects underlie the 
novel strategy of administering a small 
amount of macronutrient (a preload) 30- 
60 min before a meal with the rationale of 
triggering neurohormonal feedback via 
stimulation of GLP-1 and GIP, as well as 
PYY and CCK from the small intestine, to 
slow gastric emptying, stimulate insulin, 
and suppress glucagon in advance of the 
main meal and potentially to reduce sub- 
sequent energy intake (57). Fat is a potent 
inhibitor of gastric emptying because of 
its high-caloric density, but while acute 
administration of a fat preload predictably 
slows gastric emptying markedly, it re- 
sults in only a modest reduction in peak 
postprandial glucose in type 2 diabetic 
patients (58). On the other hand, a 55-g 
whey protein preload, when given acutely 
to type 2 diabetic patients, slows gastric 
emptying, stimulates GIP and GLP-1, and 
markedly reduces postprandial giycemic 
excursions (59) (Fig. 4). The latter effect is 
likely to be attributable in part to the stim- 
ulation of insulin secretion by absorbed 
amino acids. In view of these promising 
observations, studies to evaluate the opti- 
mum dose and composition of protein 



preloads and to determine whether the 
beneficial effects on glycemia are sus- 
tained with chronic use are indicated. 

A potential disadvantage of all mac- 
ronutrient preloads is that they involve 
additional energy consumption. Two re- 
cent studies evaluating the effects of pre- 
loads entailing minimal additional energy 
are, accordingly, of interest (60,61). 
Sucralose, a noncalorific artificial sweet- 
ener, stimulates GLP-1 in vitro, but appar- 
ently has no effect on incretin secretion in 
healthy humans when administered as a 
preload (61,62). A nonmetabolized SGLT- 
1 substrate, 3-0-methylglucose, does stim- 
ulate GLP-1, slow gastric emptying, and 
diminish the giycemic response to a subse- 
quent oral glucose load (60). Further eval- 
uation of the effects of preloads that entail 
minimal added energy intake is warranted. 
A recent study indicates that bile acids can 
stimulate endogenous GLP-1 in type 2 
diabetic patients when administered 
directly to the distal large intestine (63). 

Pharmacological agents: GLP-1 
agonists, DPP-IV inhibitors, and 
pramlintide 

While the beneficial effect of GLP-1 ago- 
nists and DPP-IV inhibitors on glycemia in 
type 2 diabetes has been attributed to 
glucose-dependent insulinotropic and glu- 
cagonostatic properties, GLP-1 agonists 
also slow gastric emptying and that is, at 
least in some cases, an important mecha- 
nism by which they lower postprandial 
glucose excursions. The GLP-1 receptor 
agonists — exenatide, liraglutide, and exe- 
natide LAR (long-acting release) — are 
now widely available, while a number of 
other drugs including lixisenatide, albiglu- 
tide, dulaglutide, and semaglutide are in 
late-phase development. Because of vari- 
able half-lives, there are major differences 
between these drugs in the frequency of 
dosing and the resulting plasma drug lev- 
els. It is also recognized that they vary in the 
magnitude of their effects on pre- versus 
postprandial glycemia (7), although differ- 
ences in effects on HbAic hitherto appear 
subtle (1). All of these drugs cause gastro- 
intestinal adverse effects such as anorexia, 
nausea, and diarrhea and are associated 
with modest weight loss. Most patients re- 
spond to GLP-1 agonists, but there is sub- 
stantial interindividual variation in the 
response, and certainly not all achieve the 
target HbAic of <7%. With some rare ex- 
ceptions, no clear factors have hitherto 
been established to indicate which patients 
will respond best to these drugs, except 
that the reduction in HbAic is predictably 
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greater when baseline HbAic is higher. The 
relative effect of these drugs on gastric emp- 
tying as a determinant of their effect on gly- 
cemia has inappropriately received little 
attention. 

It is now clear that all GLP-1 agonists 
have the capacity to slow gastric emptying 
in a variable but often marked manner 
when administered acutely, although 
emptying has often been quantified by 
the suboptimal paracetamol absorption 
test. The effects on gastric emptying have 
been most comprehensively examined for 
exenatide given twice daily, which slows 
emptying in a dose-dependent manner in 
type 2 diabetic patients apparently irre- 
spective of the presence of cardiovascular 
autonomic neuropathy (64,65). Indeed, 
the slowing of emptying appears to be 
the predominant mechanism by which 
exenatide reduces postprandial glycemia 
(64) (Fig. 5), and the magnitude of this 
effect is dependent on the baseline rate of 
emptying (64) as is the case with exoge- 
nous GLP-1 (47). Hence, like GLP-1, 
GLP-1 agonists would be anticipated to 
have minimal, if any, effect on gastric 
emptying in gastroparesis. Moreover, the 
reduction in postprandial glycemia and 
the impact on postprandial insulin in- 
duced by GLP-1 agonists are also related 
to the degree to which emptying is 
slowed, at least in the case of exenatide 
twice daily and lixisenatide, i.e., when 
the slowing of gastric emptying is sub- 
stantial, improvement in postprandial 
glycemia is most marked, while postpran- 
dial insulin secretion is diminished rather 
than stimulated (64,66). 

The different durations of action of 
GLP-1 agonists appear to determine their 
impact on gastric emptying with repeated 
dosing. Evidence from animal and human 
studies indicates that the slowing of gas- 
tric emptying induced by a long-acting 
formulation of exenatide (exenatide LAR) 
(67) and liraglutide (68) and presumably 
other long-acting GLP-1 agonists — but 
not exenatide twice daily or lixisenatide 
(which are short-acting) — diminishes 
with time, presumably reflecting the ta- 
chyphylaxis phenomenon reported with 
GLP-1 by Nauck et al. (51). For example, 
in mice, the initial marked slowing of par- 
acetamol absorption induced by acute ad- 
ministration of liraglutide diminishes 
within 2 weeks of continuous dosing, 
whereas the initially comparable marked 
slowing of paracetamol absorption in- 
duced by exenatide is sustained (68). 
In a human study comparing exenatide 
twice daily with exenatide LAR (administered 



once a week), the latter did not slow para- 
cetamol absorption significantly at 14 
weeks, while exenatide twice daily did 
(67). This is not to suggest that long-acting 
GLP-1 agonists such as liraglutide do not 
have any sustained effect to slow gastric 
emptying, but rather that the magnitude 
of this effect diminishes with time. In type 
2 diabetic patients, liraglutide slowed 
paracetamol absorption slightly after ad- 
ministration for 3 weeks (69) despite sig- 
nificant glucose lowering, which would 



favor more rapid gastric emptying (32). 
Moreover, the reduction in paracetamol 
absorption was related to the magnitude 
of the decrease in postprandial glycemia, 
which is consistent with the concept that 
even modest slowing of gastric emptying 
can affect postprandial glycemic excur- 
sions. As a short-acting GLP-1 agonist, 
lixisenatide appears likely to have a sus- 
tained, major effect to slow gastric emp- 
tying (66), so that after 4 weeks' 
administration it lowers postprandial 
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Figure 4 — Data are mean ± SEM. Gastric emptying (A) and blood glucose (B), plasma insulin 
(C), plasma GLP-1 (D), plasma GIP (E), and plasma CCK (F) concentrations in response to 
a mashed potato meal in eight type 2 diabetic patients. On each study day, subjects ingested 350 
mL beef-flavored soup 30 min before a radiolabeled mashed potato meal; 55 g whey protein was 
added either to the soup (whey preload), to the potato (whey in meal), or no whey was given (no 
whey). *P < 0.05, whey preload vs. whey in meal; #P < 0.05, whey in meal vs. no whey; §P < 
0.05, whey preload vs. no whey. Reprinted with permission from Ma et al. (59). 
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Figure 5 — Relationship between the effect of exenatide suhcutaneously twice a day for 5 days on 
postprandial glycemia (plasma glucose area under the curve (AUC) [0-3 h]) and gastric emp- 
tying (50% emptying [tsoD of a radiolabeled solid meal in type 2 diabetic patients (n = 17). 
Placebo, white circles; 5 ixg exenatide, black triangles; and 10 ixg exenatide, black squares. 
R = —0.49,? < 0.0001. A longer tso is indicative of slower gastric emptying. Reprinted with 
permission from Linnebjerg et al. (64). 



glucose much more than liraglutide and 
suppresses rather than stimulates post- 
prandial insulin (70). Hence, it appears 
that in the longer term, the short-acting 
GLP-1 agonists may act predominantly 
by lowering postprandial glycemia 
(through a sustained, substantial inhibi- 
tion of gastric emptying), while the long- 
acting GLP-1 agonists predominantly 
lower preprandial hyperglycemia through 
insulinotropic and glucagonostatic ef- 
fects. Accordingly, in the future the choice 
of GLP-1 agonists may be dictated by 
whether the dominant target is pre- or 
postprandial glycemic control and by 
the baseline rate of gastric emptying. 
A short-acting drug would intuitively be 
most effective at lowering postprandial gly- 
cemia in those with normal or rapid emp- 
tying and relatively lower HbAic, while 
those with already delayed emptying are 
less likely to require a focus on postprandial 
glucose given that when duodenal carbo- 
hydrate delivery is < 1 kcal/min, there ap- 
pears to be little rise in blood glucose 
(10,11). These hypotheses now warrant 
formal evaluation. 

There is increasing interest in 
combining a GLP-1 agonist with exoge- 
nous basal insulin in type 2 diabetes (71) 
based on the rationale that the latter pri- 
marily targets preprandial glucose but is 
associated with weight gain and an in- 
creased risk of hypoglycemia (1) and the 
addition of a GLP-1 agonist that targets 
postprandial blood glucose by slowing 
gastric emptying while inducing weight 
loss and without increasing the risk of 



hypoglycemia would, therefore, provide 
a complementary strategy to optimize 
glycemic control. There is now clear evi- 
dence to support this strategy. For exam- 
ple, in a recent study by Buse et al. (71), 
exenatide twice daily improved glycemic 
control (reduction in HbAic of 0.7%) in 
type 2 diabetic patients managed with in- 
sulin glargine, associated with modest 
weight loss, and without an increased hy- 
poglycemia. While there is hitherto no 
evidence of an increased risk of hypogly- 
cemia with the addition of a GLP-1 ago- 
nist to basal insulin, this issue should be 
viewed circumspectly. While the majority 
of these patients will have an intact gluca- 
gon response to hypoglycemia, it would 
also be relevant to know whether hypo- 
glycemia overrides the deceleration of 
gastric emptying induced by a GLP-1 
agonist. 

The DPP-IV enzyme acts on both 
GLP-1 and GIP, and DPP-IV inhibitors 
can be given orally, unlike GLP-1 ago- 
nists. An important distinction from 
GLP-1 agonists is that DPP-IV inhibitors 
have minimal, if any, effect on gastric 
emptying. For example, 2 days' dosing 
with 100 mg sitagliptin failed to affect gas- 
tric emptying (72). Vella et al. (73) simi- 
larly found no change in gastric emptying 
following 10 days' administration of vil- 
dagliptin (50 mg) in type 2 diabetic pa- 
tients. In contrast, Woerle et al. (74) 
reported a modest slowing of gastric emp- 
tying following a single dose of vildaglip- 
tin (100 mg) in patients with type 2 
diabetes, raising the possibility that 



tachyphylaxis may have been responsible 
for the negative outcome of repeated dos- 
ing. In healthy subjects, the magnitude of 
the initial rise in glucose after a carbohy- 
drate meal is related to the rate of gastric 
emptying on sitagliptin, although sita- 
gliptin itself had no effect on emptying 
(72). This indicates that gastric emptying 
is, as would be predicted, also an impor- 
tant determinant of postprandial glyce- 
mia in the presence of DPP-IV inhibition. 
The lack of effect of DPP-IV inhibitors on 
gastric emptying is likely to contribute to 
their apparently lesser effect on postpran- 
dial glycemia than GLP-1 agonists in clin- 
ical trials. 

Amylin, a pancreatic hormone cose- 
creted with insulin by the P-cell, slows 
gastric emptying in addition to suppress- 
ing glucagon. The synthetic amylin ana- 
log, pramlintide, which is available in the 
U.S. for the management of diabetes, also 
slows gastric emptying, which no doubt 
contributes to its beneficial effect on post- 
prandial glycemia (75). 

Conclusions — Gastric emptying ex- 
hibits a substantial interindividual varia- 
tion in health, is frequently abnormally 
delayed in patients with long-standing di- 
abetes, and is a major determinant of post- 
prandial glycemia and the secretion of the 
incretin hormones GIP and GLP-1. The 
relation of glycemia and GLP-1 secretion 
with small intestinal glucose delivery is 
nonlinear in health and type 2 diabetes. 
Macronutrients, particularly protein pre- 
loads, show promise in the management of 
type 2 diabetes by stimulating incretin and 
insulin secretion and slowing gastric emp- 
tying. Acute, exogenous GLP-1 slows gas- 
tric emptying and thereby carbohydrate 
absorption, but there may be tachyphylaxis 
to this effect. GLP-1 agonists also slow 
gastric emptying and, when administered 
acutely, this may represent their dominant 
mechanism of glucose lowering. With both 
exogenous GLP-1 and GLP-1 agonists, the 
magnitude of slowing of gastric emptying 
and the consequent reduction in postpran- 
dial glucose are greater when baseline 
gastric emptying is relatively more rapid. 
The slowing of gastric emptying induced 
by long-acting GLP-1 agonists, such as 
exenatide LAR and liraglutide, appears to 
diminish with time in contrast to short- 
acting agonists, such as exenatide twice 
daily and lixisenatide. Hence, in an indi- 
vidual type 2 diabetic patient, the impact 
of a GLP-1 agonist on postprandial glyce- 
mia is likely to be dependent on both the 
baseline rate of emptying and the choice of 
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GLP-1 agonist. If postprandial glycemia is 
to be targeted preferentially, short-acting 
analogs are likely to be optimally combined 
with basal insulin. 
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